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The subicular complex includes the subiculum, presubiculum and parasubiculum, and has recently attracted interest due to the roles that it may play in the modulation of activity in both the hippocampus and entorhinal cortex (Craig and Commins 2006; Hargreaves et al. 2005; Liu et al. 2004; O'Mara 2005) . The parasubiculum receives inputs from the CA1 region, medial septum, and anterior thalamus, and has a single major output projection to layer II of the medial and lateral entorhinal cortex (Amaral and Witter 1989; Caballero-Bleda and Witter 1994; 1993; Funahashi and Stewart 1997a; Shibata 1993; Swanson and Cowan 1979; Wouterlood et al. 1990 ). It is therefore well-positioned to make a substantial contribution to the computational processes of the hippocampal formation. The parasubiculum contains place cells that fire in relation to head-direction, and this suggests that the parasubicular input to the entorhinal cortex may contribute to the specialized place cell representations carried by grid cells in the dorsolateral entorhinal cortex (Cacucci et al. 2004; Hafting et al. 2005; Hargreaves et al. 2005; Taube 1995) . Further, layer II of the entorhinal cortex is the major target for cortical sensory inputs to the hippocampal formation, and layer II cells provide much of the processed sensory input received by the dentate gyrus and CA3 regions (Amaral and Witter 1989; Kerr et al. 2007 ).
Stimulation of parasubicular inputs to the entorhinal cortex can facilitate entorhinal cortex responses to subsequent inputs from the piriform cortex (Caruana and Chapman 2004) , and the parasubiculum may therefore also modulate transmission of highly processed sensory input to the hippocampal formation.
Neuronal synchronization during theta-frequency (4 to 12 Hz) EEG activity is thought to contribute to the computational functions of the entorhinal cortex and hippocampus (Bland 1986; Bland et al. 1999; Buzsaki 2002; Buzsaki et al. 1983; Hasselmo 2005; Vertes 2005) , and it 4 is also now clear that the activity of parasubicular neurons is modulated by local theta activity.
Low-amplitude theta activity was recorded near the parasubiculum in early mapping studies (Bland and Whishaw 1976) , but because this activity might have been volume-conducted from adjacent structures we recently used depth profiles with moving bipolar electrodes in urethanized rats to verify that theta-frequency EEG activity is generated locally within the superficial layers of the parasubiculum (Glasgow and Chapman 2007) . The presence of place cells in the parasubiculum suggests that the region contributes to spatial navigation (Hargreaves et al. 2005; Hargreaves et al. 2007; Taube 1995) , and a substantial proportion of these cells fire with a consistent phase-relation to theta activity (Cacucci et al. 2004; Taube 1995) . This indicates that theta oscillations modulate the firing of parasubicular neurons during theta-related behaviors such as active exploration.
Using whole-cell current clamp recordings in acute brain slices, we previously found that depolarization to near-threshold voltages resulted in theta-frequency membrane potential oscillations in approximately 80% of layer II parasubicular neurons (Glasgow and Chapman 2007) . The oscillations persisted in the presence of synaptic blockers and were blocked by hyperpolarization, indicating that they are driven by intrinsic, voltage-dependent conductances.
Theta-frequency membrane potential oscillations have been observed in CA1 pyramidal cells in vivo (Bland et al. 2002; Ylinen et al. 1995) and in vitro (Leung and Yim 1991; see also Hu et al. 2002) , as well as in interneurons in stratum lacunosum-moleculare (L-M) of the CA1 region (Bourdeau et al. 2007; Chapman and Lacaille 1999b) and in layer II and V entorhinal cortex neurons (Alonso and Llinas 1989; Hamam et al. 2000; Klink and Alonso 1993; Schmitz et al. 1998 ). However, the ionic conductances that combine to produce subthreshold membrane potential oscillations differ. In L-M interneurons, oscillations result from an interaction between 5 a persistent sodium current (I NaP ), and a 4-AP-sensitive A-type K + -current mediated by Kv4.3 channels (Bourdeau et al. 2007; Chapman and Lacaille 1999b) . Oscillations in CA1 pyramidal cells and in entorhinal cortex neurons are also mediated by sodium currents (Klink and Alonso 1993; Leung and Yim 1991; Schmitz et al. 1998 ) but have been linked to TEA sensitive K + currents (Leung and Yim 1991), the muscarinic-sensitive K + current I M (Hu et al. 2007; 2002; Yoshida and Alonso 2007) , and the hyperpolarization-activated cationic current I h (Dickson et al. 2000; Fransen et al. 2004; Hu et al. 2002) .
The current study investigated ionic conductances responsible for the generation of voltage-dependent membrane potential oscillations in layer II cells of the parasubiculum using whole-cell current clamp recordings. Results indicate that oscillations are generated by mechanisms similar to those that drive oscillations in principal neurons of the entorhinal cortex (Dickson et al. 2000) , and likely rely on an interaction between I NaP and I h .
METHODS

Slice preparation
Methods used for in vitro recordings were similar to those in previous reports (Chapman and Lacaille 1999b; Glasgow and Chapman 2007) and were conducted in accordance with guidelines of the Canadian Council on Animal Care. Acute brain slices were obtained from 4 to 6 week old male Long Evans rats (Charles River, Montreal, QC). The rat was deeply anesthetized with halothane and decapitated. The brain was quickly removed and submerged in cold ACSF (4 ºC) containing (in mM): 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 dextrose saturated with 95% O 2 and 5% CO 2 (pH ~7.3; 300-310 mOsm).
Horizontal brain slices (300 µm) containing the parasubiculum were cut with a vibratome 6 (WPI,Vibroslice NVSL), and allowed to recover at room temperature for ~1 h. Individual slices were then transferred to a recording chamber, and superfused with oxygenated ACSF at room temperature (22-24º C) at a rate of 1.5-2.0 ml/min. Cells of the superficial layers of the parasubiculum were visualized using an upright microscope (Leica, DM-LFS) equipped with a long-range water immersion objective (40x), differential interference contrast optics, and a nearinfrared camera (COHU). The borders of the superficial layers of the parasubiculum were delineated using criteria described previously (Funahashi and Stewart 1997b; Glasgow and Chapman 2007) . Layer II of the parasubiculum contains relatively large principal neurons, and is diffuse and disorganized compared to the relatively compact superficial layers of the medial entorhinal cortex and presubiculum (Amaral and Witter 1989; Funahashi and Stewart 1997a; b) .
Layer II parasubicular cells can also be distinguished from deep layer cells by lack of burst firing in response to current injection (Funahashi and Stewart 1997a; Jones and Heinemann 1988) .
Whole cell recordings
Intracellular patch pipettes were pulled using a horizontal puller (Sutter Instruments, P-97) and contained (in mM) 140 K-gluconate, 5 NaCl, 2 MgCl 2 , 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 0.5 ethylene glyco-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 2 ATP-Tris, and 0.4 GTP-Tris (pH calibrated to 7.20 -7.26 using KOH; 270-280 mOsm). The patch pipette (4-8 MΩ) was lowered under visual guidance to contact with the soma of the target parasubicular cell, and gentle suction was applied. After achieving a tight seal (>1 GΩ) under voltage-clamp, strong suction was applied to obtain whole-cell configuration. The cells were allowed to recover for approximately five minutes before recordings proceeded. Whole-cell current clamp recordings of membrane potential (DC-10 kHz)
were amplified using an Axoclamp 200B amplifier (Axon Instr.), monitored using a digital 7 oscilloscope, and digitized at 20 kHz (Axon Instr., Digidata 1322A) for storage on hard disk using the software package Clampex 8.2 (Axon Instr.). Recordings were accepted if the series resistance was below 30 MΩ (mean, 11.10 ± 0.75).
The majority of layer II parasubicular neurons demonstrated membrane potential oscillations when depolarized to near-threshold voltage levels using steady current injection (Glasgow and Chapman 2007) . Ten-sec duration recordings were obtained at a range of voltages relative to action potential threshold by varying the level of constant current injection.
Oscillation frequency is temperature dependent (Glasgow and Chapman 2007), but the amplitude is similar at both room temperature and 32° C, and the recordings reported here were therefore obtained at room temperature to reduce the metabolic demands on the cells. After initial baseline tests, recordings were repeated at the same voltages in the presence of pharmacological agents.
The effects of drugs on action potentials and voltage responses to hyperpolarizing and depolarizing current steps were monitored regularly throughout the experiment.
Pharmacological manipulations
All drugs were stored in frozen stock solutions and were added to ACSF just prior to recordings. Sodium currents were blocked by tetrodotoxin (TTX; 0.5 µM). 
Analysis
Ten-sec samples of membrane potential at near-threshold voltages were prepared for spectral analysis by reducing the effective sampling rate to 1 kHz. A 2.048-s segment that contained no action potentials was chosen and passed through a Blackman window prior to computing the power spectral density. The power spectrum was calculated as the squared magnitude of the fast Fourier transform (Clampfit 8.2, Axon Instr.), and was averaged across three samples of membrane potential. The power of oscillations between 1.5 and 5.9 Hz was expressed as a percent of total power. Paired t-tests and repeated measures ANOVA were used to analyze alterations in peak frequency and theta-band power.
Electrophysiological characteristics of layer II parasubicular neurons were analyzed using the Clampfit 8.2 software package (Axon Instr.). Action potential height was measured from resting membrane potential, and action potential width and fast and medium afterhyperpolarizations (fAHP and mAHP) were measured from action potential threshold. Input resistance was calculated from the peak voltage response to a 500 ms, -200 pA current step, and 9 inward rectification was quantified by expressing the peak voltage response as a proportion of the steady-state response (rectification ratio; Chapman and Lacaille, 1999a).
RESULTS
Membrane potential oscillations and electrophysiological characteristics of layer II parasubicular neurons were similar to those observed previously using whole cell recordings indicating that synaptic inputs are not necessary for oscillations (Fig. 1) . However, oscillations were eliminated by membrane hyperpolarization to 6 to 10 mV below threshold, suggesting that they are generated by intrinsic voltage-dependent conductances..
Oscillations are Dependent on Sodium Currents. The role of Na + currents in generating membrane potential oscillations was tested using the Na + channel blocker tetrodotoxin (TTX).
Bath application of TTX (0.5 μM) both eliminated Na + -dependent action potentials evoked by depolarizing current pulses, and also entirely blocked membrane potential oscillations (n= 7).
Application of TTX reduced power in the theta band from 55.7 ± 4.2% to 33.8 ± 5.8% of total power (t 6 =3.79, p < 0.01; Fig. 2 The parasubiculum shows high levels of HCN1 protein expression (Notomi and Shigemoto 2004) , suggesting that I h may play a substantial role in regulating the excitability of parasubicular neurons, and contribute to the generation of subthreshold oscillations. Therefore, its contribution to oscillations in parasubicular neurons was tested using the I h blockers Cs + (1 mM, n= 4; 2 mM, n= 5) and ZD7288 (100 µM, n=10 ± 0.4 Hz in control ACSF; 2 mM: 3.7 ± 0.4 vs. 2.9 ± 0.3 Hz).
A residual I h current can sometimes be observed in the presence of Cs + (Dickson et al.
2000)
, and the role of I h in generating oscillations was therefore tested further using the more potent I h blocker, ZD7288 (100 µM). Bath application of ZD7288 eliminated inward rectification in response to -200 pA current pulses (n= 10; rectification ratio: 1.00 ± 0.01 in ZD7288 vs. 1.11 ± 0.03 in control ACSF; t 9 = 4.17, p < 0.01) and also eliminated inward rectification in response to larger, -400 pA, pulses (n= 4; rectification ratio: 0.99 ± 0.01 in ZD7288 vs. 1.17 ± 0.04 in control ACSF). In addition, ZD7288 also almost completely blocked oscillations, and oscillation power was reduced from 55.8 ± 2.8% in control ACSF to 30.6 ± 2.6% in ZD7288 (t 9 = 6.92, p < 0.001; 0.14 ± 0.02 mV 2 /Hz in ZD7288 vs. 0.57 ± 0.06 mV 2 /Hz in control ACSF, t 9 = 7.25, p < 0.001; Fig. 7) . Application of ZD7288 also resulted in a reduction 15 in the fast afterhyperpolarization (from 6.9 ± 0.3 to 2.2 ± 0.8 mV; t 9 = 7.14, p < 0.001) and an increase in action potential duration (from 3.9 ± 0.2 to 5.6 ± 0.5 ms; t 9 = 3.55, p < 0.01), but the block of oscillations by ZD7288 was highly effective, even in cells that showed smaller changes in spike repolarization. The block of oscillations by Cs + and by the more potent Ih blocker ZD7288 indicate that oscillations in parasubicular neurons are likely mediated by the hyperpolarization activated cationic current I h .
DISCUSSION
The present study has identified intrinsic voltage-dependent conductances that drive (Fig. 7) . ZD7288 has been shown to result in a non-specific, slowly developing suppression of synaptic transmission at mossy fiber synapses (Chevaleyre and Castillo 2002) but we have found that oscillations in parasubicular neurons are not dependent on synaptic transmission and are rapidly blocked by ZD7288 (Figs. 1 and 7 ). In addition, although ZD7288 can result in a partial block of inward rectifying K + channels (Wilson 2005) , the block of oscillations is not easily attributable to effects of ZD7288 on I Kir because oscillations persisted in the presence of Ba 2+ (Fig. 5) . The cells tested here showed a reduction in the fast afterhyperpolarization following ZD7288. However, oscillations were blocked effectively in all cells exposed to ZD7288, and the reduction in oscillations was not related to between-cell variability in the effect of ZD7288 on spike repolarization. Thus, although non-specific effects of Cs + and ZD7288 cannot be ruled out entirely, the effects of Cs + and ZD7288 on oscillations is likely to be mainly attributable to their effects on I h .
Voltage-gated potassium channels can contribute to oscillations and rhythmic firing activity in a variety of cell types. Oscillations in hippocampal L-M interneurons are generated by an interaction between I NaP and a A-type potassium current mediated by Kv4. Extrinsic Mechanisms Contributing to Theta Activity. In addition to the ionic conductances described here that drive oscillations in individual neurons, other extrinsic mechanisms are required to synchronize theta-frequency population activity and lead to the associated field potential. Parasubicular neurons recorded here usually required positive constant current injection to depolarize neurons to the subthreshold range where they expressed oscillations, and we found previously that parasubicular theta activity in vivo is dependent on cholinergic mechanisms (Glasgow and Chapman 2007) . As is the case in the entorhinal cortex (Klink and Alonso 1997b) and CA1 region (Chapman and Lacaille 1999a), it is likely that septal cholinergic projections to the parasubiculum results in muscarinic depolarization to nearthreshold voltages during theta activity (Alonso and Kohler 1984; Benson et al. 1988; Hu et al. 2007; 2002; Klink and Alonso 1997a) . Cholinergic theta activity likely serves as a mechanism contributing to timing-dependent changes in synaptic responsivity in the parasubiculum, and cholinergic effects on neuronal excitability, spike timing, and synaptic integration need to be assessed further.
In the CA1 in the intact brain, field activity associated with theta activity is generated by rhythmic perisomatic inhibition and excitatory inputs to distal dendrites (Buzsaki 2002). We have found previously that putative inhibitory interneurons in the parasubiculum also display membrane potential oscillations (Glasgow and Chapman 2007) , and the parasubiculum contains large numbers of glutamic acid decarboxylase (GAD) and GABA-immunoreactive cells (Kohler et al. 1985) . Inhibitory interneurons contact many parasubicular neurons, and the rhythmic inhibition of large numbers of principal cells can contribute synchronization of theta activity by "rebound depolarizations" via synchronous activation of I h (Chapman and Lacaille 1999a; Cobb et al. 1995) . Rhythmic excitatory synaptic input to the parasubiculum from the CA1 region and other glutamate inputs from theta-related structures such as the subiculum, the anterior thalamus, and the deep layers of the entorhinal cortex (Kohler 1986; 1985; Shibata 1993; van Groen and Wyss 1990; Vertes et al. 2001 ) might also contribute to neuronal synchronization in the parasubiculum, and to the membrane currents that generate associated field activity. Thus, membrane potential oscillations are likely to combine with extrinsic synaptic and 22 neuromodulatory inputs in the generation and synchronization of theta activity within the parasubiculum. 
